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ABSTRACT

The JPL airborne synthetic @D ture radar (AIR SAR) is a quadpol systeimn op-
crating at threw frequencies, which micasures the complete stokes matrix of scattering
targets and hence their polarization signature.  The high resolution of AIRSAR, in
additionto its ability to penctrate cloud and smoke cover, make it the remote sensing
mstrument of choice for use over a varicty of scenes, ranging fromm bare soil surfaces
to tropical forests. In this work, a description of the Al RSAR system characteristics
and paramncters Will be given, followed by an introduction to the most recent advance-
ments in the interpretation of SAR data for ccological and physiological application
and quantitative estimation of scattering scene parameters.

INTRODUCTION

The use of synthetic aperturc radar (SAR) inremote sensing has gained significant
attentionrecently dueto its flexibility of data acquisition and the wealth of information
provided. SAR utilizes active microwave illuinination which penetrates cloud and
smoke cover, in contrast to other instruiments such as optical and infrared devices,
thus making it possible to study and inonitor scenes ranging from arid soil surfaces to
dense tropical rainforests around the glob independent of scasonal changes, weather
conditions, and geographical loc ations. Furthermore, if the measurcinents are done
in a polarimetric fashion, it may be possible to obtain more detailed information
about scattering and struc tural propertics of the ground targets via theoretical models
(Durden ct al, 1988, Cihlar et al., 1992, Dobson ct al., 1992, Hess ct al., 1990, Sun ct
a., 1988).

Recent technological advances have per mitted the use 0f polarimetry in radar
nnaging systems. One such system 1S the NASA/JPL airborne synthetic aperture
radar (AIR SAR), whichuscs al) C-8 aircraft platform. The AIRSAR operates at C-,
1)-, and P-bands (5.6 cin, 94 cm, and 68 ¢ wavelengths, respectively) with a 20 MHz
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or 40 MHZ bandwidth. It measures four transmit-receive polarization combinations,
which yield the full Stokes matrix of scat tering cells and hence the full polarization
signature of the remote targets. For any transmit polarization of the electromagnetic
ficld, the reccived signal, or the scattered field, is in gencral a vector quantity and pos-
sesses a general polarization that can be described as a combination of two orthogonal
polarizations (for a plane wave). Hencee, by making measureme nts of two independent
receive polarizations for each transmitted signal, it is possible to define the scattered
ficld completely for any point in space where the measurements are taken. Electre-
maguetic scattering models relate the electrical parameters of objects to the full vector
transmitted and received fields, hence such polarimetric knowledge is necessary to infer
various scattering p1operties of the remote targets which cannot be obtained through
single polarization channel measurements.

The JPL ATR SAR, though being continuously improved and optimized, iS now in
an operational state. The hardware, calibration procedures, data storage techniques,
and processing; algorithms arc fully developed and stan dardized to a large degree.
The current challenge, however, 1S in the arca Of interpreting the data and applying
the results in related scientific fields such as ccology and geophysics. Among such
applications arc class ification of vegetation growth and land use, generation of surface
clevation maps, and quantitative electromagnetic inversion to obtain specific scattering
i formation about various scenes.

In this work, a brief review of concepts of SA R will be given, followed by some
specifics of the JI’], AIRSARsystem. Some current and potential applications of the
SAR data will thenbe discussed. Due to space llmitation, only a sinall list of references
can be provided. For more information, the 1 cader is encouraged to refer to Zebker
and van Zyl (1991) and Moghaddam (1993a).

SAR SYSTEM DESIGN

Polarimetric Data Acquisition
§

The present A WA}{ design is based on the J 1, CV-990, which served as the pro-
totype polarimetrié¢’radar operating at I.- band only (Zebker and van Zyl, 1991, Ulaby
and Elachi, 1990). The radar alternatively transmits vertical (V) and horizontal (1)
lincarly polarized waves, and simultancously 1 cceives both polarizations, hence mea-
suring the four elements of the scattering matrix. A block diagram of this system is
given in Figure 1. The adjacent V. and H transinit pulses are separated by 0.51 1ns
in time. Several pulses corrcspounding to the differ ent polarization combinations are
coherently integrated to form a synthetic aperture. Themterspersed pulses form four
spatial arrays which are par ually decorelated since they arc not measured simultane-
ously. Hence, cach corresponding patch of the probed surface is viewed at a shghtly
diflerent angle. This gives rise to the “speckle” cflect. This is a minor problem for
the AIR SAR, as the distance traveled by the aireraft in the interpulse period is small
compared to the resolution cell size.
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Calibration

Relative ant] absolute calibration of the various channels ina polarimeter is a
crucial issue, especially If the mecasurements are to be used in quantit ative theoretical
anflyses. To insure accurate results, the following have to be performed: 1) antenna
pattern correction, 2) phasc calibration, 3) channel inbalance removal, 4) cross talk
removal, and 5) absolute amplitude calibration. Currently, calibration targets, namely,
trihedral corner reflectors are deployed at flight sites to perforin the above steps. If
the topography of the imaged arca is known, it iS also possible t0 remove the effect ‘of
pixel heights in the normalized radar retun.

Data Processing

Figure 2 shows the SAR processor data flow (Ulaby and Elachi, 1990): Data are
rcad fromn high-density digital tapes that were written during the flight. Tt e echoes
in the range (cross track) direction are comjpressed by a convolution with a range
reference function. To reduce the storage volume, data are p resuinimed by a factor of
four and Fourier transformed in the azimuth (along track) direction. Then a range
interpolation is performed along the curves of the range history for targets at cach
desired output range. An azimuth refercnce function is multiplied by the results and
inverse transformed to produce the final output for cach of the channels (Ulaby et al.,
1986a). The polarimetric data arc stored in Stokes matrix format, described below.

DATA STORAGE FORMAT
Stokes Matrix Representation

For data storage eflicicncy, the measured scattering mnatrix elements for cach res-
olution cell, or pixel, are transformed into St okes matrix elements and compressed
insucha way as to occupy only 10 storage bytes. The Stokes matrix elainents are
lincar combinations of crossproducts of the four scattering matrix elements, hence the
full polarimmetric scattering information is preser ved (Zebker and van Zyl, 1 991). The
matrix has 9 independent elements, cach a real number. A guantization technique is
uscd such that the nine real numbers (36 bytes)canbe equivalently stored in 10 bytes,
significantly reducing the large data volume (a typical SAR image co ntains 1280 range
lines, each 1024 pixels wide).

Polarizaton Signatures

From the Stokes matrix polarimcetricrepr esentation of themeasured backscattcred
ficlds, it is possible to construct the “polarization signature” which is a graphical
representation of the behavior of the received power a@s a function of polarization
paramecters, namely, cllipticity and orientation angles 0of the transmitted signal. An
example IS given in Figure 3 for the signature of @ perfectly conducting dihedral corner
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reflector, where, €.g., it can be seen that the backscatter return is ab a minimum for
cllipticity angles of 0° and orientation anlges of 45° and 135°.

APPLICATIONS AND DATA INTERPR ETATION

With the development of advanced polarimetric radar systems in the recent yors,
many new applications have evolved which have improved or possess the potential to
mprove our understanding of the global environment and its trends of change.

Microwave frequencics arce capable of penetrating cloud cover which debilitates
remote sensing instruments operating a optical frequencies. Signals at lower frequen-
cies, such as P- band, may cven penctrate vegetation covers and the returned signals
may contain information about the lower layers of vegetation and the ground under-
neath. Furthermore, the avail ability of full prolarimetric measurements provides for
possible inference of target electrical and structural properties. These features make
the SAR the remote sensing instrument of choice over such varied scenes as bare or
arid soil surfaces, rocks, agricultural areas, forested arcas, sca surface, and glacicrs.

Classification

Researchers have used many techniques for distinguishin g between various land-
use types by utilizing statistical as well as siinplified scattering models which relate
the radar backscatter to the properties of ground targets. For example, Ulaby ct al.
(1 9861.,) haveused statistical characteristics presentinradar images to relate variabil-
ity of radar backscatter values to such scene properties as “texture” (intrinsic spatial
variability) as opposed to *“fading” (speckle). They have deduced that texture infor-
mation can be used to achieve high accuracy classification between ma ny vegetation
types. An example of using simplified scattering theories for classification is the 3-
component model developed by Freeman and 1)urden (1 992) and a similar one by van
7yl (1989), whichidentifies the three major scattering processes (surface, volume, and
double-bounce), and depending on the contribution of cach mechanisin, classifies the
vegetation and land-use type in any location within an nnage.

Interferometry

Another highly active andimportaut application of radar iS mapping surface el-
cvation by using techniques such as interferometry, where two nmages are constructed
of ascenc by flying two spatially separated antennas (FEvaiis et al,1993). The phase
difference between the two received signals IS computed and related to height of cach
image pixel. If the wavelength IS small enough, 4 in C-band, the two antennas can be
mounted on the airplane and flown simultancously, as is done in TOPSAR. For larger
wavelengths (1.- and 1°- bands), it is possible to make repeat passes over the area to be
imaged, where tile flight tracks arc separated by the proper amount, and are known
with proper accuracy.
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Modelling and 1 nversion

Onc of the main current challenges in quantitative interpretation of SAR data
is the development of methods for inferring scattering parameters of ground targets
f1 omn polarimetric backscattering measurements. The knowledge of these quantities is
the key to understanding and monitoring the Farth’s environment and resources on a
local and global scale. These arc properties such as soil moisture (equivalently, dielec-
tric constant), vegetation water content, surface roughmness, tree density and heights
in forests, dielectric. constant of tree componcnts, and canopy density. The radar
backscatter data are related to these parameters through electromagnetic scattering
models (sec, for instance, T'sang €t al., 1985). Several Such models have been developed
and their results using ground-truth measurcinents have been compared to radar data
For instance, for forested areas there mist several models among which arc the discrete
scatterer model which takes the forest as consisting of horizontal layers of cylinders to
sitnulate branches and trunks, anda rough surface to model the forest floor (1 durden
ct al., 1989 and 1 991). Radiative transfer theory has also been used in other models
such as MIMIC S from the University of Michigan (Ulaby ct al., 1990b). A colll])arisg])
of the pol arization signature of aforested area calculated from the former model for
an arca nca r Mooschead Lake, Maine, and the actual radar measurcment is shown in
Figure 4, where it is scen that the two signatures are in good agreement.

In principle, it is possible to calculate the scattering paramecters used in the mod-
cls from scattering data. We call this process “inversion.” In practice, however, the
theoretical models prove to be too complex and involve t00 miany parameters to be
feasibly inverted. The number of available data points for cach pixel in an image 1S
nine (3 frequencies and 3 independent polarizations), whereas the number of unknowns
is typically many times more. Recently, an app roach has been proposed for reducing
the number of unknown parameters t0 make inversion possible (Moghaddam et al .,
1 993b). The method is based on performing a class ification initially to identify domi-
nant scattering mechanismsinecacl) area. The scattering model is then reduced to that
containing the component of the dominant mechanism, thereby limiting the number
of unknowns. For example, if the scattering from an area is identified as that due
to a surface, only unknowns describing the sur face (diclectric constant and roughness
measures) need to be found.

Once the scattering mechanisims are identified, the appropriate parameterized
model can be used along with an inversion algorithm to obtain the unk nowns. Assum -
g a paramneterized model for the given situation IS at hand {(nontrivial), an imversion
basced on nonlincar optimization must be performed. The process is nonlinear, since
the unknowns and measurcments are in genear al related in a nonlinear fashion. The
mverse problem can be stated as the problem of finding the unknowns such that the

model predictions and radarmeasurcinentsare > Denoting the unknowns as cle-

M

close.’
ments of the vector X, the nonlinecar model as f,,; and the measured data as d,,,¢q5, the
inverse problem IS equivalently stated as finding X suclhithat a least,-sgllarcs 1icasure
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L(X) given by

1

14 2 7 ¢ 2
L (X) :‘,'5 Ilfnl(k) - dmcas ” 1 | X - ka;,” }
i s minimized. Here, X4, IS an a priori estirnate of X, whichcould be arbitrarily
diflerent from the true solution for X. Once the proper stochastic propertics of the
unk nowns and measurements are taken into account, the above optimization problem
can be solved via iterative techniques (Moghaddam, 1 993b).

AT RSAR AS PROTOTYPE FOR SPACEBORNE SYSTEMS

The airborne |,- and C-band SAR have scerved as the prototypes for the space-
borne SAR, SIR-C /X- SAR, scheduled to fly in April and August of 1994 (Evans ct
al., 1993). The mission is a collaboration between NA Sa, the German Space Agency,
and the Italian Space Agency, and is a continuation of N ASA’s spaccboriic imaging,
radar (SIR) prograimn with Scasat (1978), SIR-A(1981), and SIR-B3(1984) as itS pre-
decessors. SIR-C/X-SAR will have full polarimetric capabilities and equipped with |-,
C-,and X-bands. It will provide global coverage on arapid temporal scale, and will
nnage at multiple aspect and incidence angles. The campaign will provide valuable
data for use inalgorithins (such as that described above) to obtain key geophysical
products to study global change. The rescarch topics will include the global carbon
cycle, paleoclimate and geologic processes, ocean circulation, air-sea interactions, and
advanced technology. To address these issues, essential in answering critical environ-
mental problems, scveral supersites have been chosenaroundthe world.

The SAR topographic interferometer (TOPSAR) has aso provided a prototype for
the spaceborne system TOPSAT. NASA has been studying options for realization of
a spa cebornie sy steimn to produ ce accurate global topographical inaps through inissions
such as Scasat, SIR-A, Sill-11, and AIR SAR, and will use SIR-C in a repeat pass
sclier ne. Several implementation possibilities ay ¢ currently under consideration. T} ic
purpose Of such mission is to obtain a complete and uniform high resolution map of
nearly 90°/0 of the Earth's Jand mass with high spatial resolution and high vertical
accuracy. AS such, the system will increase topographic knowledge by 1 to 2 orders
of magnitude over existing data basc. Global coverage will be provided over a period
of six months. In addition to the Farth’s topography, it may be possible t0 obtain
vegetation height maps and surface rou ghness maps for global chhange studies.

SUMMARY

SAR is an indispensable too] for mapping and monitoring the Farth's resources
and environment on a local and global scale. It provides a means of acquiring remotely
sensed data complementary to those obtained by visible, near in frared, and thermal
infrared portions of the Flectromagnetic spectrun. Technological advances have made
polarimetric SAR an operational and reliable instrument | and advan ced processing
and calibration algorithins are now standardized to readily provide scattering data
uscful in scientific computations. The current challenges in this arca are devising
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new applications and new algorithins for interpretation of SAR data, among which
inversion for geophysical paramecters is perhaps the most essential for global change
studies. The technology and analysis tools for the airborne system have served as the
evolutionary predecessors of the spaccborne instruments such as SIR-C/X-SAR and
TOPSAT.
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Figure 4. (a) L-band HH SAR image obtained over the area near Moosehead Lake, ME,
(b) L-band HV SAR image over the same area. (¢) Observed copolarized
signature over a forested arca in (a-b). (d) Observed crosspolarized signature
over forested area. () Caleulated copolarized signature for (¢). (f) Caleulated
crosspolarized signature for (d).
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